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a b s t r a c t
Simulation models are important tools to explore and illustrate dynamics of climatic variables in crop
based ecosystem. In the rainfed ecosystem (RE), wheat production is impinged on certain climatic events
per se high variability in rainfall and increased temperature. These climatic events turn out due to
climatic drivers like Sea Surface Temperatures (SSTs) and pressure. Current study is aimed to analyze
long term rainfall data (1961–2011) of Pakistan's rainfed ecosystem zone (Islamabad, Chakwal and
Talagang) by using Agricultural Production Systems Simulator (APSIM) and R model. The principal
objective of this analysis was to study the link between SOI phases and SSTs; and thereby understanding
the pattern of climate change due to these climatic drivers under rainfed conditions in Pakistan. The
results revealed a positive link between July SOI phases and the rainfall variability during October–
November (the sowing time of wheat in Pakistan). Long term rainfall data analysis (1961–2011) of
Islamabad, Chakwal and Talagang revealed 44%, 40%, 35% possibility of exceeding median rainfall near
zero whereas probability of consistently negative SOI phases were 35%, 34% and 33% respectively during
July. Similarly, the forecasting results estimated by R using covariates like dry spell, NINO1.2, NINO3,
NINO4, NINO3.4 and IOD of different months revealed that prediction of monsoon, wheat early growth,
wheat grain ﬁlling period and total wheat growing season rainfall, have signiﬁcant signals with climatic
drivers. The study justiﬁed the importance of models in the decision making processes and rainfall
forecasting as a beneﬁcial and necessary tool for rainfed ecosystem conservation.
& 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction
The life of rainfed ecosystem (RE) depends onwater. Water is the
critical factor for ecosystem functioning and sustaining plant life
(Falkenmark, 2003). Eighty percent of agricultural land in world is
under rainfed ecosystem (Rockström, 2001) and planned manage-
ment of rainfed ecosystems can play a decisive role in food security
perspectives without overlooking the fact that the grain yields
under RE are usually low due to variability in rainfall, increased
temperature and high water losses. The crop yield under RE is
highly volatile, predominately due to variable rainfall patterns. The
grain yield of wheat in RE usually falls in the range of 0.5–2 metric
tons ha–1 with an average of 1–1.5 metric tons ha1 in South Asia
(Rockstrom and Falkenmark, 2000). Majority of farming community
of Pothowar RE rely on wheat grain yield for food, income and life
security, therefore, management of RE for sustainable life style is
imperative to uplift the poverty in the region. Water resilience in RE
aims to secure water availability for longer time span and under
persistent drought by integrating models with climatic drivers. The
60–70% of grain crop production in the world depends on green
(rainfall) and blue (runoff) water (Falkenmark, 2003) and manage-
ment of green water in RE can play a crucial role in the sustain-
ability of the system.
The rainfall of RE is summer dominant and has close link with
South-Asian monsoon season which contributes over 50% to the
annual rainfall (Suleman et al., 1995). Wheat is the most important
crop of RE in the region and variability in pre-sowing and growing
season rainfall is a major cause for yield ﬂuctuations. This greatly
hampers the sustainability of RE (Byerlee and Husain, 1993) and
the total rainfall and its timing has a governing effect on wheat
yield as it is related to crop growth stage and yield contributing
physiological factors (Fischer, 2011). The pre-sowing rainfall is also
critical for soil moisture availability at the time of wheat sowing
for a better establishment of uniform crop stand. The pre-sowing
water stress could cause a signiﬁcant reduction in germination and
subsequent vegetative growth; and thus substantially affecting
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grain yield and yield components of RE (Mirbahar et al., 2009).
Since seasonal forecasting system is absent in RE, therefore, it is
necessary to design a rainfall forecasting model by linking rainfall
with climatic drivers like SST (Sea Surface Temperature).
The variability in rainfall under RE has shown strong relation-
ship with SST pattern in Paciﬁc and Indian Ocean (Schott et al.,
2009; Ashok and Saji, 2007). The dominant drivers of rainfall
variability under RE are the El-Niño Southern Oscillation (ENSO)
and the Indian Ocean Dipole (IOD) (Schott et al., 2009; Saji and
Yamagata, 2003). The ENSO is phenomenon of global signiﬁcance
and has warm and cool cycles. The warm cycle El-Niño intensiﬁes
rainfall over central and equatorial paciﬁc while the reverse occurs
during cold ENSO cycle called La-Niña. The temperature ﬂuctua-
tions over Paciﬁc Ocean interfere the circulation over the Indian
Ocean. Consequently, warming of Indian Ocean, increases rainfall
over the surrounding regions (Schott et al., 2009). Severe drought
years in the Indian subcontinent have always been accompanied
by El-Niño (Kumar et al., 2006). However, in recent years it has
been recognized that Indian Ocean has its own active mode of
circulation deﬁned by SSTs of Indian Ocean Dipole (IOD) (Schott
et al., 2009). The IOD has strong relationship with seasonal rainfall
under RE. It has been recognized that the IOD impacts signiﬁcantly
on monsoon rainfall (June-September) in regions of India, Paki-
stan, Afghanistan and Iran (Ashok and Saji, 2007).
APSIM (Agricultural Production Systems Simulator) is a dynamic
and versatile model that can simulate crop and farming system
operations with reasonable precision to mimic climatic risks and
sustain yield potential (Keating et al., 2003). It can simulate the soil
and plant dynamics and their interactions with managements under
wide range of farming operations (Wang et al., 2002). Several factors
including SOI and SSTs contribute to extreme climatic events. How-
ever, an improved forecasting skill enables the producers to make use
of the forecast for risk related decision makings (Motha, 2007). Thus,
forecasting may increase attentiveness and lead to better socio-
economic conditions within an agricultural system (Meinke and
Stone, 2005). However, Troccoli (2010) concluded that seasonal
climate forecasting especially El Nino events prediction plays most
important role in decision making and strategic planning specially in
dry regions. So, by taking into consideration the risk management
imposed by climatic variation might be a key contributor to achieve
long term goals of adaptation to climate change and to modify
strategies against natural disasters. An increase in concentration and
frequency of dry spells in RE could possibly be attributed to increase in
atmospheric temperature especially in summer, dry season and during
El Nino Southern Oscillation (ENSO) events (Natsagdorj et al., 2005).
Weather prediction, solely, is not a solution to all difﬁculties, but
risk management tools have a crucial role to play in judgment and
strategic planning to enhance agricultural productivity. The objectives
of the study were (i) to better understand the climatic predictors such
as SOI phases, Indian and Paciﬁc Ocean SSTs, ENSO and IOD and (ii) to
estimate the inﬂuence of these climatic drivers on rainfall variability in
our RE for their effectiveness in forecasting seasonal rainfall (monsoon
rainfall and three rainfall intervals during the wheat growing season).
2. Materials and methods
2.1. Experimental site and rainfall data
The three experimental sites of rainfed ecosystem were Islamabad
(331400N, 731100E, 508 m a.s.l.), Chakwal (321560N, 721520E, 513 m a.s.
l.), and Talagang (321550N, 721250E, 458 m a.s.l.). Geographic informa-
tion of the study site has been shown in Fig. 1. The daily rainfall data
were collected from the Meteorology Department of Pakistan (http://
www.pakmet.com.pk/). Rainfall during the wheat growing season
(November–April) is highly variable, with the seasonal variability
being greater than the annual.
2.2. Parameterization and evaluation of APSIM model
Agricultural Production Systems Simulator (APSIM) is a dynamic
tool which can link its sub models to simulate agricultural systems
(McCown et al., 1996). It has various modules grouped and categorized
as Plant, Environment and Management (Fig. 2). It simulates the
mechanistic growth of crops, key soil processes, and range of manage-
ment options considering cropping systems perspective. In this study,
the APSIM was used to study the rainfall variability in the rainfed
areas of Islamabad, Chakwal and Talagang in relation to pressure like
SOI and their impacts on rainfall variability in Pothowar. A probabil-
istic approach was used to describe the chances of exceeding median
rainfall. The median rainfall was calculated from the long term (1961–
2011) actual rainfall data of Islamabad, Chakwal and Talagang.
Rainfall data (1961–2011) was analyzed using the statistical soft-
ware “R” to forecast rainfall of monsoon (JAS), wheat early growing
season (NDJ), end growing season (FMA) and total growing season
(NDJFMA) by plotting the cumulative probability distribution curve
and linking rainfall data with July SOI. The GAM (Generalized Additive
Model) was used to link rainfall with SSTs. The accuracy of forecasting
was then tested by forecasting skill scores like R2, correlation, NSE
(Normalized Standard Error), RMSE (Root Mean Square Error), BIAS,
CSS (Skill Score S), BSS (Brier Skill Score) and ROC (Receiver Operating
Characteristics) to determine the most parsimonious model. Calcula-
tion of the S Score was based on Moeller et al. (2008).
S¼ AA0
ApA0
 100%
APSIM-wheat module were used to simulate wheat crop using
long term (1961–2011) climatic data under RE. The average yield data
was partitioned on the basis of July SOI phase. The purpose of this
partitioning was to explore the use of seasonal climate forecasting
based on SOI phase for the selection of optimum planting time and
suitable cultivar. After parameterization, the APSIM was further used
to explore farmer cropping decision options using climatic variables to
enhance the resilience in wheat based RE. A scenario analysis was
done using a long term historical weather data to explore the
feasibility of wheat based cropping system in the RE.
2.3. Selection of climatic indicators
The SST data (1961–2011) about NINOs (Niño1 (from 101S to
51S, 801W to 901W), Niño1.2 (from 101S to 01S, 801W to 901W),
Niño2 (from 01S to 51S, 801W to 901W), Niño3 (from 51N to 51S,
901W to 1501W), Niño3.4 (from 51N to 51S, 1201W to 1701W) and
Niño4 (from 51S to 51N, 1501E to 1601W) regions in the equatorial
Paciﬁc Ocean were sourced from the National Oceanic & Atmo-
spheric Administration (NOAA, http://www.cpc.ncep.noaa.gov/
data/). The Indian Ocean dipole (IOD), an index, was calculated
as the difference in SSTs between regions in western and south-
eastern equatorial Indian Ocean. The IOD typically ranges between
þ3.36 (positive event) and 2.80 (negative event). The IOD data
(1961–2010) were obtained from the Frontier Research Centre for
Global Change (http://www.jamstec.go.jp/frsgc/research/d1/iod/).
Time-lagged statistical relationship between the climatic indices
and rainfall was established using the Generalized Additive Model
(GAM). The GAM models were programmed using the mgcv
function in the mgcv package within the open source program
R. The mgcv provides smoothening functions for generalized
additive modeling. The term GAM is taken to include any GLM
estimated by quadratically penalized likelihood maximization
(Van Ogtrop et al., 2011, 2013). The salient features of the package
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are facilities for automatic smoothness selection and the provision
of a variety of smooths of more than one variable.
The modeled equation for GAM was
Rainfall¼ sðLagRainfallÞþsðCovariateiÞ ð1Þ
where “s” is the smoothening function and covariate is the ith
selected covariate.
3. Results
The forecasting results by R have shown signiﬁcant signals for
prediction of monsoon (JAS), during wheat early growth (NDJ),
grain ﬁlling period (FMA) and total growing season rainfall
(NDJFMA) using covariates like dry spell, NINO1.2, NINO3, NINO4,
NINO3.4 and IOD (Fig. 3). The simulation results have shown
higher level of validity as cumulative probability (%) of observed
and simulated rainfall of monsoon and wheat early growing
season have matched with actual data at Islamabad (high rainfall
zone of RE). This implies that the model can potentially simulate
the total amount of blue water available before sowing and during
early crop establishment with an acceptable accuracy. The simulated
results of rainfall forecasting were similar for grain ﬁlling and entire
cropping season. The skill scores like NSE (Nash–Sutcliffe model
efﬁciency coefﬁcient), RMSE (Root Mean Square Error), S% (S Skill
Score), BSS (Brier Skill Score), LEPS (Linear Error in Probability Space)
and ROC (Receiver Operating Characteristics, p-value) for forecasting
above and below median rainfall showed suitability of using SSTs in
rainfall forecasting (Table 1). The chance of exceeding the median
rainfall during JAS, NDJ, FMA and NDJFMA will be beneﬁcial to
forecast as it will help to decide selection of suitable genotypes,
cultural operations, sowing of crops and application of fertilizer.
Meanwhile if we have information about the amount of rainfall in a
particular period we can increase rainwater use efﬁciency by
adopting management strategies. If rainfall is below median then
we can adopt risk management strategies like sowing of alternative
crops other than wheat or skip sowing or selection of drought
tolerant genotypes or early maturing genotypes etc. for particular
area. Therefore, planting of wheat in rainfed area of Pakistan totally
depends upon availability of water in the form of rains which could
be represented as above and below median rainfall. The models
exhibited signiﬁcant strength for forecasting of occurrence of non-
zero ﬂow for RE. SSTs were found as the dominant drivers of the
probability of occurrence of intermittent and zero rainfall. In general,
the relationship between SSTs and rainfall was found signiﬁcant
at Islamabad. The signiﬁcant precision level was also obtained
in getting above median rainfall using Eq. (1) due to higher
probabilities.
Fig. 1. Geographic information of the study area in rainfed ecosystem (RE) of Pakistan.
Fig. 2. APSIM code and parameters.
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The partitioning of wheat grain yield by APSIM at Islamabad
against different SOI phases revealed that it is dominantly linked
with SOI phases (Fig. 4). The simulated probability of 95% of
positive SOI occurrence has shown a grain yield of 1330 kg ha1
whereas a minimum grain yield is (1044 kg ha1) was expected at
zero SOI phase. However, with decreased incidence of zero SOI
phase, grain yield is expected to increase signiﬁcantly. The valida-
tion skill scores for Chakwal which is medium rainfall site of RE
have shown signiﬁcant skill (Table 1). The results of monsoon (JAS)
rainfall analysis indicated a certain relationship with its covariates;
where the best signal was recorded with SST of April at Chakwal.
In this forecast period, rainfall has signiﬁcant relationship with
only NINO4, while non-signiﬁcant with NINO1.2, 3, 3.4 and dry
spells (Table 1). The skill scores like correlation, NSE, RMSE, S%,
LEPS, BSS and ROC (p-value) for forecasting above and below
median rainfall were found appropriate and justiﬁed in using SSTs
to forecast rainfall at Chakwal (Fig. 3). The relationship between
monsoon rainfall was higher (r2¼0.56) at the high rainfall site
Islamabad (RMSE¼36 mm/month) and weakest (r2¼0.03) at the
low rainfall site Talagang (RMSE¼13 mm/month). This mediates a
Fig. 3. Cumulative probability distribution of observed and simulated, monsoon (JAS), wheat early growing season (NDJ), end growing season (FMA) and total growing
season rainfall (NDJFMA) at (a) Islamabad, (b) Chakwal, and (c) Talgang based upon July SSTs. The horizontal line indicates median rainfall.
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linear response of rainfall variability to its magnitude, as the sites
with low average rainfall during the monsoon have less variation in
rainfall due to SSTs covariates. The S% recorded for Islamabad and
Chakwal was 13% while at Talagang it was 4%. The LEPS and BSS skill
scores were found reliable in forecasting rainfall for Islamabad as
LEPS.1 was recorded as 0.1 while BSS remains 0.28. The results
further revealed that GAM model has signiﬁcantly correlated fore-
cast rainfall close to observed by using SSTs as covariates.
For forecasting rainfall during early wheat growth (NDJ) period,
individual month's SSTs of various months were deployed; how-
ever, signiﬁcant correlation was only observed with August and
September's SSTs (r2¼0.35) at the high rainfall zone (Islamabad).
Similarly at Chakwal, SSTs of August and September have shown
signals to forecast rainfall (r2¼0.07) while at Talagang (r2¼0.07)
the signal was observed with SST of September only. The sig-
niﬁcant relationship was obtained between NDJ rainfall and
NINO1.2 and NINO3 and IOD (Table 1). The signiﬁcant signals of
SSTs with NDJ rainfall at Islamabad can be used to forecast rainfall.
The covariates like NINO3, 4 (pr0.001) and IOD (pr0) at
Chakwal linked strongly with NDJ rainfall. The forecasting skill
score revealed that S% for NDJ rainfall at Islamabad was 29% with
RMSE of 22 while at Chakwal (RMSE¼11) and Talagang (RMSE¼6)
S% remained 13% at both locations. The BSS scores remained in
negative but close to zero while the value of LEPS indicated that
covariates could forecast rainfall of early crop growth.
The simulated results of rainfall during wheat grain develop-
ment phase (FMA) at three locations revealed signiﬁcant relation-
ship with SSTs (Table 1). The NINO1.2 covariates signiﬁcantly
(pr0.001) with FMA rainfall at Islamabad with SST of August;
whereas, at Chakwal signiﬁcant signal was recorded with only
NINO4 and 3.4. However, at Talagang signal of SSTs with FMA
rainfall was strong (r2¼0.24) as compared to other two locations.
The signiﬁcant relationship was also observed between NINO3,
4, 3.4 and IOD at Talagang. The NSE at Talagang (0.3) depicted
perfect match of modeled and observed data. The graphical
interpretation of observed and forecast rainfall, probability of
exceeding median rainfall and cumulative probability of above
and below median rainfall of JAS, NDJ, FMA and NDJFMA have
been presented to show skill of GAM to forecast rainfall of RE
(Fig. 3). The signiﬁcant highest signals were recorded at Chakwal
(r2¼0.11) with dry spell, NINO4 and IOD of Aug SSTs. However, at
Islamabad only signal was obtained for NINO1.2 with September
SST while at Talagang rainfall linked signiﬁcantly with NINO3.4
and IOD of July SST. The forecasting skill score S% revealed a strong
relationship between observed and predicted rainfall at Chakwal
(S%¼30) followed by Talagang (16%) and Islamabad (1%). Similarly,
ROC p-value remained signiﬁcant at Chakwal as compared to other
two locations. However, NSE trend was least negative at Chakwal
(NSE¼0.06) compared to Islamabad (NSE¼0.27) and Talagang
(NSE¼0.94). The Brier Skill Score (BSS) of NDJFMA forecast
Table 1
Forecasting skill scores for the forecast period and p-value of covariates using generalized additive modeling (GAMs) approach at three locations of Pothwar by long term
rainfall data (1961–2011).
p-Value of covariates Forecasting skill scores
Forecast period SST s(NINO1.2) s(NINO3) s(NINO4) s(NINO3.4) s(IOD) Spell r2 NSE RMSE S% leps.0 leps.1 BSS ROC (p-value)
Islamabad
JAS May 0.003** 0.003** 0.08 0.012* 0.44 0.02* 0.56 0.18 36 13 0.27 0.1 0.28 0.07
NDJ AugSep 0*** 0.003** 0.01* 0.02* 0.001** 0.7 0.35 0.4 22 29 0.3 0.01 0.33 0.01
FMA Aug 0** 0.07 0.48 0.26 0.36 0.84 0.04 3.14 33 4 0.34 0.06 0.5 0.73
NDJFMA Sep 0.04* 0.11 0.45 0.57 0.52 0.34 0.09 0.27 23 1 0.27 0.049 0.37 0.39
Chakwal
JAS April 0.73 0.14 0.01* 0.18 0.54 0.07 0.12 0.3 13 5 0.3 0.03 0.2 0.2
NDJ AugSep 0.33 0.002** 0.008** 0.02* 0*** 0.47 0.07 1.96 11 13 0.33 0.02 0.32 0.21
FMA AugSep 0.14 0.06 0.01* 0.02* 0.05 0.51 0.05 0.54 16 17 0.27 0.12 0.16 0.06
NDJFMA Aug 0.88 0.24 0.01* 0.08 0.04* 0.02* 0.11 0.06 26 30 0.27 0.16 0.06 0
Talagang
JAS April 0.51 0.007** 0.01* 0.19 0.09 0.02* 0.03 0.35 13 4 0.29 0.09 0.34 0.17
NDJ Sep 0.38 0.4 0.08 0.45 0.18 0.86 0.07 2.64 6 13 0.36 0.14 0.67 0.95
FMA AugSep 0.07 0.02* 0.002** 0.005** 0.03* 0.05 0.24 0.3 6 42 0.23 0.22 0 0
NDJFMA Jul 0.84 0.2 0.32 0.03* 0.64 0.01* 0.07 0.94 10 16 0.3 0.02 0.18 0.1
SST¼Sea Surface Temperature, s¼smoothening function for SSTs, Spell¼dry events use in the model, r2¼coefﬁcient of determination, NSE¼Nash–Sutcliffe model efﬁciency
coefﬁcient, RMSE¼root mean square error, S%¼S skill score, leps¼ linear error in probability space, BSS¼Brier Skill Score and ROC¼Receiver Operating Characteristics.
Fig. 4. SOI Probability (%) exceedence of partitioning of wheat yield (kg ha1) at Islamabad.
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rainfall remained in negative but close to perfect forecast value of
zero at all three locations. The forecast criteria like LEPS further
gave some output regarding the use of different SSTs in the
predication of total wheat growing season rainfall.
The partitioning of wheat yield under different SOI scenarios by
APSIM at Chakwal showed that it is signiﬁcantly affected with
change in SOI phases (Fig. 5) (Table 2). The result further depicted
that the higher incidence of SOI dropped the grain yield to the
lowest level whereas the highest value was noted for the lowest
probability of rising SOI (Table 3). Therefore, maximum grain yield
variability was noticed due to occurrence of rising SOI at Talagang
that also has a signiﬁcant effect on the rainfall occurrence or
drought (Fig. 6) (Table 4).
4. Discussion
The life of RE depends on blue water management especially
that is received during the monsoon period (JAS). Since models
simulated rainfall during JAS period with accuracy therefore, it
could be considered as an important risk management tool for RE.
An additional amount of water will be required to produce the
food to eradicate hunger in the developing countries like Pakistan
which could only be achieved by crop per drop (Rockstrom et al.,
2007a, b). Wheat yield ﬂuctuation under RE due to different
climatic drivers (SOI and SST) has a strong link with available soil
water. In the present study, the occurrence of monsoon rainfall
was affected by climatic drivers, hence, could be used to design a
strategy for improvement of RE. However, loss of rainwater in the
form of runoff and evaporation could be minimized if occurrence
of rainfall is well known. Our model has forecasted rainfall with
good accuracy, therefore, loss of water can be minimized by
adopting management decisions like increasing inﬁltration of
water in soil by cultural operations, adopting conservation agri-
culture, sowing of suitable crop and selection of proper sowing
technology. This can lead to the conservation and improvement of
RE. Different farming systems have been practiced in a wide range
of moisture gradients starting from hydroclimatic RE to humid
agroecosystem. However, variability in hydrological cycle and
unavailability of water can lead to the differences in crops, cultural
operations, and soil and water management systems. Thus, pro-
ductivity of rainfed ecosystem could be potentially increased by
matching crop critical growth stages with rainfall occurrence. The
main loss of rainwater is in the form of evaporation and runoff
which could be better managed by modeling rainwater dynamics
under rainfed ecosystem. The main problems of RE include erratic
rainfall leading to frequent drought (water scarcity) and ﬂood,
land degradation, resource poor farmers, lowering of groundwater
table, low rainwater use efﬁciency, reduced crop productivity and
high instability. Therefore, models, identiﬁed in the present study,
as risk management tools could solve these problems by enhan-
cing rainwater use efﬁciency.
The yield predictions under different SOI phases highlighted
the fact that morphology and physiology of wheat crop could
possibly be modeled with some errors (Jamieson et al., 2010).
However, under changing climate especially in the form of rainfall,
Table 2
Simulated Probability (%) of partitioning of wheat yield (kg ha1) at Islamabad against different SOI phases.
Islamabad
Positive Rising Negative Zero Falling
Yield Probability Yield Probability Yield Probability Yield Probability Yield Probability
1330 95 1602 96 1602 94 1044 96 1609 90
1342 85 1897 88 2359 81 1594 88 3063 70
2624 75 1905 79 3296 69 2446 81 3825 50
3296 65 1964 71 3556 56 2612 73 4127 30
3302 55 3015 63 3758 44 2992 65 4465 10
3458 45 3178 54 4284 31 3026 58
3557 35 3227 46 4441 19 3080 50
3785 25 3710 38 4740 6 3298 42
3952 15 3936 29 3988 35
4417 5 4089 21 4167 27
4263 13 4467 19
4293 4 4695 12
Fig. 5. SOI Probability (%) exceedence of partitioning of wheat yield (kg ha1) at Chakwal.
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applications of models (e.g. Asseng et al., 2011) could be an added
tool for decision of ﬁeld operations, crop selection and genotype
adaptation. The current study revealed that the quantity of
available water to the crop in the root zone at sowing is a
dominant factor for potential yield (PYw) and these ﬁndings are
in accordance with Fischer (2011). However, physiochemical
Table 3
Simulated Probability (%) of partitioning of wheat yield (kg ha1) at Chakwal against different SOI phases.
Chakwal
Positive Rising Negative Zero Falling
Yield Probability Yield Probability Yield Probability Yield Probability Yield Probability
1361 95 49 96 822 94 423 96 109 90
1368 85 247 88 1246 81 560 88 283 70
1683 75 1263 79 1684 69 784 81 2948 50
1705 65 1464 71 3354 56 911 73 3871 30
2137 55 1546 63 3462 44 1101 65 5202 10
2785 45 1885 54 3753 31 1179 58
3516 35 2782 46 3830 19 1265 50
3854 25 3523 38 4082 6 2246 42
4069 15 3610 29 2290 35
4204 5 3640 21 2503 27
3801 13 3219 19
5164 4 3952 12
5027 4
Table 4
Simulated Probability (%) of partitioning of wheat yield (kg ha1) at Talagang against different SOI phases.
Talagang
Positive Rising Negative Zero Falling
Yield Probability Yield Probability Yield Probability Yield Probability Yield Probability
30 95 16 96 24 94 28 96 38 90
40 85 31 88 37 81 41 88 40 70
53 75 37 79 49 69 45 81 123 50
55 65 40 71 82 56 49 73 221 30
66 55 46 63 147 44 50 65 478 10
71 45 62 54 148 31 53 58
72 35 87 46 251 19 58 50
99 25 109 38 356 6 59 42
614 15 127 29 78 35
2080 5 202 21 85 27
257 13 105 19
323 4 114 12
346 4
Fig. 6. SOI Probability (%) exceedence of partitioning of wheat yield (kg ha1) at Talagang.
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features of soil also contribute to the availability of soil moisture to
the crop germination. Therefore, SSTs information could be used to
forecast rainfall for suitable risk management strategies (Ahmed,
2010). Similarly, skillful long-range forecasts of rainfall could
increase the preparedness of farm managers above a level that is
solely based on past experiences. Such forecasts can assist in
making difﬁcult choices in light of high rainfall variability to
minimize climate related risks (i.e. chance of an economic and/or
environmental loss) and ultimately can take advantage from the
upsides of rainfall variability. Among the decisions that could
beneﬁt rainfall forecasts in forthcoming months are: fallow prac-
tices, land preparation, the area sown, timing of sowing, crop and
cultivar choice (long or short season types), fertiliser and pesticide
use, and the crop marketing. At present, relevant seasonal climate
forecasts at local level are unavailable for the RE. This study has
demonstrated the ability of ﬂexible statistical model and dynamic
APSIM model to make skillful forecasts of rainfall dynamics in RE.
This study has demonstrated the dominance of Indian and Paciﬁc
Ocean SSTs on the occurrence of rainfall. Thus, the forecasting skill
developed can potentially be used in agricultural decisions which
can lead to yield sustainability. Therefore, it can be concluded that
SOI phases and blue water (rainfall) of RE have signiﬁcant relation-
ship. In general, the SOI phases captured the observed rainfall
distribution with reasonable accuracy.
Deployment of models proposed in this study can help to take
critical decisions to conserve and improve RE by rainfall forecast-
ing in conjunction with climatic drivers. The grim picture of RE is
mainly due to water scarcity which is increasing day by day.
Therefore, to increase rainwater use efﬁciency (RUE), it is impera-
tive to use models that can forecast rainfall with good accuracy.
The simulated results of rainfall were in accordance with actual
data therefore, models can be used as forecasting tools. Conse-
quently, grim picture of RE like water scarcity, drought and land
degradation, low RUE and inappropriate policies can possibly be
solved by models (Rockstrom et al., 2007a, b). Similarly, by
simulating rain water dynamics at early establishment, grain ﬁlling
and total growing season of wheat crop under RE, yield sustain-
ability could be improved by avoiding water stress at critical
growth stages of wheat crop. The critical growth phases like
establishment and grain development are important phases of
wheat crop and availability of moisture at these phases are critical
for translocation of photosynthate from source to sink (Fischer,
2011). Therefore, information generated in our study could be used
for selection of early season vigor in wheat. The early season vigor
can also boost growth and development with little expense of
evapotranspiration (Richardand Lukacs, 2002). This information
should be taken into perspective while selecting genotypes for RE
that can tolerate drought or water stress which is considered to be
a future threat in RE.
The study demonstrated the use and scope of models for future
risk management under RE by forecasting rainfall precisely. How-
ever, in the present study, soil moisture was not considered as a
covariate in the model. Similarly, the best lag period was used
which could be changed by considering other climatic predictors.
The methodology can also be used to identify teleconnections
between SSTs and precipitation of Pakistan (Van Ogtrop et al.,
2011). The present study concluded that climatic variability under
RE has signiﬁcant relationship with SOI and SSTs, hence, proposed
models as risk management tools can be used in the agricultural
system management to maintain yield sustainability. Furthermore,
the use of simulation techniques like APSIM and “R” as decision
making tool based on long term climatic data need to be used for
development and improvement of RE.
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